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Introduction
In accordance with building standards, massive changes in the field of energy-efficient buildings have occurred in the last ten years. The goal of such changes is to develop plusenergy buildings (residential and non-residential) and the vision behind them is to build plus-energy districts and cities. Their primary focus is the energy efficiency of buildings.
Research and development in the field of sustainable design have led to the improvement of methods, design processes, and products. On the one hand, detailed studies have been conducted on the efficiency of façade systems and their influence on buildings, such as reviews of solar façades (Quesada et al., 2012) and the effect of multi-skin façades on energy demand (Radhi et al., 2013) . Hamza (2008) investigated the effect of different façade systems on energy demand and compared double-skin façades with single-skin façades. Hien et al. (2005) and Shameri et al. (2011) discussed the details of double-skin façades. Mathematical models for the detailed calculation of façade systems have also been developed; for example, Ghadamian et al. (2012) described the analytical solution to the energy modeling of double-skin façades.
On the other hand, detailed studies have been conducted on the behavior and efficiency of cooling ceilings and their effect on rooms. Examples include the work of (Causone et al., 2009) , which described the experimental evaluation of heat transfer coefficients between the radiant ceiling and room, and the experimental evaluation of cooling capacity by Andrés-Chitote et al. (2012) . Beck (2002) described the thermal behavior of cooling ceilings. Glück (1999 Glück ( ), (2003 elucidated the heat transfer coefficients of cooling ceilings. TABS Control provides a good summary and overview of the possible control strategies for the energy-efficient operation of thermal-activated building elements (Todtli, 2009) . Schittich (2001) states that the façade should be treated not only as a decorative layer but also as a responsive skin. Lang (Schittich, 2001 ) extended this idea and suggested that the building skin by definition should be treated not as a skin but as a system that interacts with the entire building and building-service systems, given that it fulfills a huge range of functions and is one of the main influencing factors on energy demand.
The total system-the façade and its interaction with the cooling ceiling capacity-is the main topic of the present work. The effects of different façade systems on the performance of the cooling ceiling and cooling capacity of the ceiling are researched. Fonseca et al. (2010) described the effect of a radiant ceiling system coupled on its environment and found that the façade influences the cooling ceiling capacity.
The assumption of this research is that new concepts are accepted and deemed successful based on whether or not they significantly improve the comfort of users relative to the comfort provided by conventional systems. The cooling ceiling guarantees high comfort because of the high proportion of radiation. However, the limits of the cooling capacity of a cooling ceiling are often reached in a typical office building design, such as in Austria. Given the combination of high glass content and high internal heat gains, the cooling capacity insufficiently guarantees a room temperature of 26 1C.
Determining the resulting thermal comfort is an important issue in the design of façade systems. For highly glazed office spaces, the correct calculation of the local heat balance is an important factor but is not often well known. The provision of comfort using EN ISO 7730, (2005) can lead to an underestimation of the operative temperature if direct solar radiation is not considered. The measurement of the cooling capacity according to DIN EN 14240 (2004) is conducted independent of the external effects of radiation (i.e., the boundary conditions are defined by the temperatures of surrounding surfaces). The calculation of the cooling load according to VDI 2078 VDI (1996 can lead to incorrect calculation results. The influence of cooled surfaces on the cooling load is discussed in VDI 2078 Sheet 1 (2003) . Given this regulation, a qualitative correction of the calculation is conducted based on the results of the main calculation method according to VDI 2078 VDI (1996 . The present study measures the performance of a cooling ceiling in an existing office building under different façade types to determine the effects of different façade systems on operative temperatures, cooling capacity, and comfort; the results are presented below.
According to EN 15255 (2007) , calculating the dynamic cooling load requires that surface temperatures be calculated according to EN 15377-1 (2009) for surface cooling systems. The calculation is divided into four classes, and a class 4 calculation must be conducted for surface cooling systems. EN 15255 (2007) provides the basis for a simplified dynamic calculation of the cooling load.
The measurement results are intended to be the basis for developing a method of mathematical calculation of cooling capacity in relation to innovative/different façade systems.
Building/room setup
A series of measurements was conducted in an existing office building located in Vienna, Austria; this building had different façade systems. The 34 th floor consists of four identical rooms with an area of approximately 10.8 m 2 each. The façade is a west-orientated and totally glazed surface. Given that the rooms are situated on the 34 th floor, they are not shaded by other buildings or geographical surroundings. Figure 1 shows the floor plan of the test rooms. The rooms are adjacent to one another and are separated by a gypsum plasterboard wall. Rooms 01 and 04 are adjacent to an open-space office area, which was empty during the measurement period. The floor is a raised floor and is open throughout the entire story because of its air leading properties (i.e., the supply of air is realized over the raised floor). The floor cannot be closed; otherwise, the test rooms will not obtain fresh air. The suspended ceiling of the measurement rooms is separated by a foreclosure (mineral Figure 1 Floor plan of the test rooms. wool) around and between these rooms. The configuration of the test rooms is typical for a single-person office.
One of the rooms was used as a reference room (room 04). In this room, the boundary conditions (façade, shading, and cooling systems) were not changed. The other rooms served as the test rooms, where different setups were established by varying the façade, shading, and cooling systems.
The dimensions of the room are visualized in Figure 2 (a). The left side shows the floor plan of one room, which has a room depth of 4.10 m and a width of 2.6 m. The right side shows the section view and marks the main heights. The room height of the occupied area of the room is 2.8 m, the height of the façade area is 3.0 m, and the floor height is 3.5 m. Different façade systems may be tested by changing the shading element and adding a second internal glazing element. The details of the façade system are given in Section 2.2.
Basic building information

Façade system
Four rooms were used for the measurements. One of them was used as a reference room, which meant that the conditions in this room were not changed during the entire period of measurement. The basic setup was a single-skin façade and a fully closed screen (shading system 1). The optical properties of the different shading systems are summarized in Table 1 .
The following four façade systems were tested. Schematic overviews of the single-skin façade and the singlestory double-skin façade are shown in Figure 2 The heat transfer coefficient of the construction is U = 1.29 W/m 2 K. The single-story double-skin façade consists of an additional glazing element (an insulation glass pane) with a heat transfer coefficient of U = 1.10 W/m 2 K. One of the key points of the measurement was the variation in the total energy transmittance as a result of the change in the façade system. The total solar energy transmittance gvalue of the glazing was g=0.36 according to the technical data sheet. The total g-value (glazing+shading) was measured by an accredited laboratory. The g-value was determined according to the draft standard prEN 13363-1 (2007) and DIN EN 410, (2011) . The results show that the entire system had a g-value of 0.22 (glazing and shading) according to DIN EN 410 (2011) and a g-value of 0.29 according to prEN 13363-1 (2007) . The ventilation of the façade was one of the important points because of the second internal glazing. The basic idea of increasing the cooling capacity is similar to the effect described in EN 13363-2 (2005).
Cooling
The energy supply is a conventional system. Two chillers (2900 kW each) are available for the cooling of the building; the re-cooling units are situated on the top of the building. The cooling of the rooms is achieved through a suspended cooled ceiling with capillary pipe mats, which are placed in the suspended ceiling panels. The cooling area is split into a façade and room area. The cooling medium temperature varies between 14 1C and 19 1C depending on the ambient temperature. A schematic overview of the cooling area is shown in Figure 3 . The parts related to the cooling ceiling are highlighted in blue: the cooling ceiling of the façade area is highlighted in light blue, and that of the room area in dark blue.
According to DIN EN 14240 (2004) , the cooling capacity is referenced to the active cooling area and not to the room area. Figure 4 highlights the different areas and shows that the cooling area related to the room zone overlaps with the cooling area related to the façade zone. Thus, a high capacity exists next to the façade.
The left side of Figure 4 shows the active cooling area of the cooling ceiling of the room area; four rows of ceiling panels are activated. However, the first row next to the corridor is not activated. The columns cause no reduction in the cooling area of the room area. The active area of the cooling ceiling in the room area for the two-axis measurement rooms is 5.56 m 2 . The right side of Figure 4 shows that three ceiling panels are occupied by the façade toward the corridor with capillary pipe mats. This area describes the cooling ceiling of the façade area. In every fourth window axis, the cooling area is reduced by a column. The active area of the cooling ceiling in the façade area for the two-axis measurement rooms is 3.19 m 2 . Each of the two-axis measurement rooms generally has an active cooling area of 8.75 m 2 . Based on the room area, the rate of cooling area is approximately 80%.
One room was tested with additional cooling elements, which were placed in the area next to the façade. Given the additional cooling elements, the cooling area increased by 0.84 m 2 ; Figure 5 highlights the additional area.
Ventilation
Fresh air is supplied by a mechanical ventilation system, which consists of full air conditioning-heating, cooling/ dehumidification, and humidification. Given the height of the building and the single-skin façade, natural ventilation by windows is not possible. A schematic overview of the ventilation system of the test rooms is shown in Figure 3 . The air supply of the rooms is realized through the raised floor; the entire floor is air leading. The air outlet is over the "slot diffusors" next to the façade. Each room has a flow rate of approximately 50 m 3 /h and a supply air temperature of approximately 21 1C.
The exhaust air is realized by the exhaust air lights. Flexible ducts exist between the lights and the suspended ceiling in the corridor. The suspended ceiling in the corridor is also air leading.
Measurement setup
A schematic overview of the measurement equipment for the rooms is shown in Figure 6 . The measurement interval is 1 min, and the measurement parameters are as follows:
operative temperature air temperature surface temperature humidity heat flow flow and return temperature of the cooling medium
The mass flow of the cooling medium and the air flow are periodically measured. The main measurement points for the operative temperature and the cooling capacity are also described below because they are essential to the presented work.
The flow and return temperatures of the cooling medium are measured by temperature sensors. The mass flow is measured by a differential pressure meter that is compatible with the mounted valves. Control measurements are conducted by an ultrasonic flow measuring meter. The measurement points for the flow and return temperature of the cooling medium and the mass flow are shown in Figure 7 (blue points). The operative temperature is measured by a globe thermometer at different depths of the room by PT1000 temperature sensors in a black ball with a Figure 5 Schematic overview of the positioning of the additional cooling elements: floor plan (left side) and section view (right side). Figure 6 Measurement equipment of the test rooms.
diameter of 100 mm, each at a height of 1.20 m. A schematic overview of the measurement points is shown in Figure 7 (red points).
The ambient temperature, humidity, and radiation on the west façade are measured every minute at the roof of the building. The effect of the internal loads is realized by a heat mat with a load of approximately 45 W/m 2 and is activated by a timer. The operating time is from 8 A.M. to 12 P.M. and from 1 P.M. to 5 P.M.
Results
Adjustment of the rooms
The rooms were adjusted before testing the different room setups. The comparison of the operative temperatures is shown in Figure 8 (middle of the room) and Figure 9 (1 m from the façade). The temperatures (approximately 36 1C) were high because the room temperatures were measured without the shading elements. For this measurement, all rooms were measured with the single-skin façade. Figure 8 and Figure 9 indicate that the temperature difference between the rooms was acceptable for further measurements. The maximum temperature difference was 0.8 K, and the average temperature difference was 0.2 K for both measurement locations (i.e., center of the room and next to the façade).
Measurement variation: description of room types
The aim of the measurements was to determine the influence of a cooled ceiling on the operative temperature Figure 7 Measurement flow/return temperature (blue points), where TC is the temperature sensors/measurement operative temperature (red points) and PT is the temperature sensors (PT1000) of the air temperature. and cooling capacity by changing the following elements of the room setup:
-change in shading system -additional internal glazing -additional cooling elements A total of seven different room configurations were tested. The different room setups are summarized in Table 2 . The room setup with façade system 1 (single-skin façade), screen type 2, and without additional glazing element was the room with basic conditions (Variation 1) and was used as the basis of comparison for the measurement of the other room types. The conditions of the reference room (façade system 1 -single-skin façade, and shading system 1-screen type 1) were not changed during the entire measurement period to ensure that the measurements of the different room configurations were comparable with one another.
In the following diagrams, the purple line shows the results for the reference room (type 0), the green lines the results for Variations 1 and 2, the red lines for Variations 3 and 4, and the blue lines for Variations 5 and 6.
Operative temperature
According to EN ISO 7730 (2005) , the operative temperature is determined as the average air temperature and radiant temperature. This temperature is to be measured with a globe thermometer according to EN ISO 7726, (1998) . The standard ball has a diameter of d k = 150 mm and an emissivity of ε =0.95. Regarding the shape and the diameter of the ball, discussions and various statements have been conducted on what shape, size, and color best represent the human being. For the measurements of the operative temperatures in this case, black balls with a diameter of d K = 100 mm were used. Figure 10 shows the different operative temperatures of four different room configurations on a warm sunny day. The diagram shows the comparison of the reference room and Variations 2, 3, and 5. The results show a temperature difference of approximately 4 K because of the different room setups (i.e., façade+ shading system, additional cooling element). The average temperature difference during working hours (i.e., the occupancy schedule is from 8 A.M. to 5 P.M.) is 1.2 K. The average temperature difference for a 24 h period is 1 K. The black line represents the ambient temperature, and the dotted gray lines represent the solar radiation (global; beam + diffuse) on the west façade.
The operative temperature is one of the factors that influence comfort. EN ISO 7730 (2005) indicates three categories (A, B, and C) with different acceptance of predicted percentage of dissatisfied people (PPD). The maximum operative temperature in summer should be lower than 26 1C to reach category B, that is, a PPD of less than 10%.
The measurement results of the operative temperatures of the different room types can be compared using the conditions of the reference room. Each room configuration was measured twice: the first measurement with the shading elements fully closed, and the second with the shading elements only half-closed. In the first measurement period, the shading element was mostly used to avoid blinding, but it was only half-closed to maintain the view. Figure 10 Operative temperature: center of the room.
The summary of the measured maximum operative temperatures and temperature differences relative to those of the reference room is shown in Table 3 and Figure 11 . The measurement results show a decrease of 1.4 K because of the change in the screen type (from type 1 to type 2). For the single-skin façade, the change from screen type 2 to screen type 3 caused an increase of 0.1 K (comparison of Variations 1 and 3) . The results for the double-skin façade show an increase of 0.3 K (comparison of Variations 2 and 4). These two shading systems are equal in terms of the operative temperature in the room center. The comparison of the results for the operative temperature with and without second internal glazing shows a temperature difference of 0.7 K (both measurements with screen type 2, comparison of Variations 1 and 2). With the additional cooling elements, the operative temperature decreased by 1.2 K (comparison of Variations 1 and 5). The results for the single-story double-skin façade show a decrease in operative temperature of 1.7 K because of the additional cooling element (comparison of Variations 2 and 6). The results for the half-closed screen have the same tendency, but the temperature differences were higher than those of the fully closed screen, as shown in Table 3 and Figure 11 . Figure 12 The measurement results next to the façade (distance of 1 m from the façade at the beginning of the working area) are shown in Figure 17 . The summary of the measured temperatures and temperature difference relative to those of the reference room is shown in Table 4 . A change in the shading system from shading type 1 to shading type 2 (comparison of reference room and Variation 1) caused the same temperature reduction as in the room center (1.4 K). The tendency of temperature reduction at the measurement position next to the façade shows higher values than that at the position in the room center. The comparison of Variations 1 and 2 shows a temperature decrease of 1.2 K as a result of the change from singleskin to double-skin façade (i.e., from 28.3 1C (Variation 1) to 27.1 1C (Variation 2) ). For the single-skin façade, the change from screen type 2 to screen type 3 caused a decrease of 0.9 K (comparison of Variations 1 and 3) . The results for the double-skin façade show a decrease of 0.3 K (comparison of Variations 2 and 4). With the additional cooling element, Figure 11 Measurement results for the operative temperatures: room center. Figure 12 Measurement results for the operative temperatures: 1 m from the façade. 
the maximum operative temperature decreased by 2.9 K (comparison of reference room and Variation 5). The results for the single-story double-skin façade show a reduction in the operative temperature of 2.1 K because of the additional cooling element (comparison of Variations 2 and 6).
Cooling capacity of the cooled ceiling
The basis for the measurement of the cooling capacity of cooling ceilings is DIN EN 14240 (2004) . The measurements presented in this work were obtained from an existing office building and not from test plant conditions. The surrounding surfaces of the measured rooms constituted the system boundary. The cooling capacity was based on the average temperature difference between the operative temperature in the room center and the mean medium temperature:
where t i is the reference temperature (i.e., operative temperature in the room center) in 1C, t V is the flow temperature of the cooling water in 1C, and t R is the return temperature of the cooling water in 1C.
The calculation of the specific cooling capacity was based on the active cooling area. The procedure was based on the measurement results of the flow and return temperature and the mass flow rate of the cooling ceiling. Figure 13 shows the measurement results for the cooling capacity relative to the temperature difference between the operative temperature in the room center and the mean medium temperature for Variations 1 (left diagram) and 2 (right diagram). The dots represent the measurement results, and the black line the resulting approximation. The approximation was calculated as a polynomial because linear approximation is insufficient for the variations with additional cooling elements. The comparison of the diagrams shows that Variation 2 has a higher cooling capacity than Variation 1.
The cooling capacity of the different room setups (Variations 1-6) was measured on a clear sunny day and on a cloudy day. Sunny days are defined by the presence of incident solar radiation on the façade. In this case, the solar radiation was between 500 and 600 W/m 2 on the westoriented façade. The measurements were performed between 2 and 5 P.M. Cloudy days are defined by the absence of direct solar radiation. The difference between the cooling capacities of Variations 1 (left diagram) and 2 (right diagram) on these two days is shown in Figure 14 . The dotted line represents the cloudy day, where the main effect was due to the internal loads and another effect due to diffuse radiation. The line is rather flat, and only a small difference exists between the two variations. The green lines represent the approximation of the measurement results for the cooling capacity on a clear sunny day. The figure shows a significant increase caused by the solar effect and a difference between Variations 1 (single-skin façade) and 2 (single-story double-skin façade).
The measurement results show that different façade systems have an effect on the cooling capacity. 
Summary and outlook
This study tested different room configurations using an intensive set of measurements to determine the effect of different façade systems on the operative temperature at the center of the room and close to the façade and the resulting cooling capacity of the cooling ceiling. The room conditions were tested by varying the following elements of the boundary conditions:
-change in the shading system -additional internal glazing: change from single-skin façade to single-story double-skin façade -additional cooling elements
The measurement results of the operative temperatures show an effect caused by the façade type. The temperature difference between the "worst case" and the "best case" scenario is 3.8 K in reference to the room center (4.7 K next to the façade). The results of the calculated effect on the cooling capacity show an increase of approximately 15 W/m 2 (cooling area) because of the additional cooling element. The change from single-skin façade to single-story double-skin façade leads to an increase of approximately 30 W/m 2 (cooling area) in the cooling capacity. The measurement results show an increase in the cooling capacity because of the different room setups (façade systems). The assumption that the capacity increase is caused by a high air flow rate over the ceiling and therefore a high convection load can be verified using the mathematical model and is one of the topics that should be analyzed further.
An additional cooling element is needed to achieve the required cooling capacity, particularly a room temperature of 26 1C. In terms of comfort, further investigations concerning the cooling element must be conducted. The change from single-skin façade to single-story double-skin façade is a good method of increasing the cooling capacity. However, the room temperatures in the tested configurations remain above 26 1C. Aside from temperature reduction, another benefit is a significant change in comfort within the rooms because of the second glazing element. The research results also show the possibilities and limits of the cooling capacity of a cooling ceiling in retrofitting an existing building.
